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The MJ0490 gene, one of the only two genes of Methanococcus jannaschii
showing sequence similarity to the lactate/malate family of dehydrogen-
ases, was classi®ed initially as coding for a putative L-lactate dehydro-
genase (LDH). It has been re-classi®ed as a malate dehydrogenase
(MDH) gene, because it shows signi®cant sequence similarity to MT0188,
MDH II from Methanobacterium thermoautotrophicum strain H. The three-
dimensional structure of its gene product has been determined in two
crystal forms: a ``dimeric'' structure in the orthorhombic crystal at 1.9 A Ê
resolution and a ``tetrameric'' structure in the tetragonal crystal at 2.8 A Ê .
These structures share a similar subunit fold with other LDHs and
MDHs. The tetrameric structure resembles typical tetrameric LDHs. The
dimeric structure is equivalent to the P-dimer of tetrameric LDHs, unlike
dimeric MDHs, which correspond to the Q-dimer. The structure reveals
that the cofactor NADP(H) is bound at the active site, despite the fact
that it was not intentionally added during protein puri®cation and crys-
tallization. The preference of NADP(H) over NAD(H) has been supported
by activity assays. The cofactor preference is explained by the presence of
a glycine residue in the cofactor binding pocket (Gly33), which replaces a
conserved aspartate (or glutamate) residue in other NAD-dependent
LDHs or MDHs. Preference for NADP(H) is contributed by hydrogen
bonds between the oxygen atoms of the monophosphate group and the
ribose sugar of adenosine in NADP(H) and the side-chains of Ser9,
Arg34, His36, and Ser37. The MDH activity of MJ0490 is made possible
by Arg86, which is conserved in MDHs but not in LDHs. The enzymatic
assay showed that the MJ0490 protein possesses the fructose-1,6-bispho-
sphate-activated LDH activity (reduction). Thus the MJ0490 gene product
appears to be a novel member of the lactate/malate dehydrogenase
family, displaying an LDH scaffold and exhibiting a relaxed substrate
and cofactor speci®cities in NADP(H) and NAD(H)-dependent malate
and lactate dehydrogenase reactions.
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Introduction
The lactate/malate family of dehydrogenases is
one of the key enzymes of metabolism in all
branches of life from bacteria and eukarya to
archaea. L-Lactate dehydrogenase (LDH, EC
1.1.1.27) plays a key role in anaerobic metabolism
by catalyzing the conversion between pyruvate
and lactate using NAD(H) as a cofactor (Holbrook
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Abbreviations used: LDH, L-lactate dehydrogenase;
MDH, malate dehydrogenase; TmLDH, LDH from
Thermotoga maritima; BlLDH, LDH from Bi®dobacterium
longum; BsLDH, LDH from Bacillus stearothermophilus;
FBP, fructose-1,6-bisphosphate; MR, molecular
replacement; MIR, multiple isomorphous replacement.
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of identical subunits with 310-330 amino acid resi-
dues. LDHs from different sources have been
characterized extensively for their catalytic mech-
anism, protein evolution, stability, folding, and
three-dimensional structure (Rossmann et al., 1975;
Jaenicke, 1987). Crystal structures of LDHs from
mesophilic organisms (Adams et al., 1970; Buehner
et al., 1974; White et al., 1976; Grau et al., 1981;
Abad-Zapatero et al., 1987; Hogrefe et al., 1987;
Iwata et al., 1994; Dunn et al., 1996), thermophilic
organisms (Piontek et al., 1990; Wigley et al., 1992),
and a hyperthermophilic bacterium Thermotoga
maritima (Auerbach et al., 1998) have been deter-
mined. D-Lactate dehydrogenase from Lactobacillus
pentosus has the key active site residues related to
those of LDHs by a simple mirror plane, but its
overall structure does not resemble LDHs (Stoll
et al., 1996).
Malate dehydrogenases (MDH, EC 1.1.1.37), pos-
sessing signi®cant sequence similarity to LDHs, are
functionally and structurally related to LDHs
(Goward & Nicholls, 1994). They play an import-
ant role in central metabolism by catalyzing the
conversion between malate and oxaloacetate using
either NAD(H) or NADP(H) as a cofactor. MDHs
from different sources have been characterized
extensively, including crystal structure analyses of
MDHs from mesophilic (Chapman et al., 1999; Hall
et al., 1992; Hall & Banaszak, 1993; Gleason et al.,
1994; Birktoft et al., 1989), thermophilic (Kelly et al.,
1993), halophilic (Dym et al., 1995), and psychro-
philic (Kim et al., 1999) organisms. LDHs and
MDHs share a common subunit fold but the qua-
ternary structure shows some variations. Most
LDHs are tetrameric with 222 symmetry. An
exception is Bacillus stearothermophilus LDH
(BsLDH), which exists both as a tetramer and a
dimer (Clarke et al., 1985). At high enzyme concen-
trations, the enzyme is tetrameric, whether or not
the allosteric activator fructose-1,6-bisphosphate
(FBP) is present. However, it is dimeric at low
enzyme concentrations and tetramerization is
induced upon binding the allosteric activator. In
the case of MDHs, the quaternary structure is often
a homodimer, which is equivalent to the Q-dimer
of tetrameric LDHs. Less frequently, MDHs exist
as a tetramer, similar to typical LDHs, such as a
halophilic MDH from an archaebacterium Haloar-
cula marismortui (Dym et al., 1995). Although LDH
and MDH families of enzymes are closely related,
their substrate speci®cities are usually very strin-
gent (Wilks et al., 1988; Goward & Nicholls, 1994).
In the hyperthermophilic archaebacterium
Methanococcus jannaschii, the two genes MJ0490
and MJ1425 are the only open reading frames that
show clear sequence similarity to the lactate/
malate family of dehydrogenases (Bult et al., 1996)
(Figure 1). The MJ0490 gene encodes a polypeptide
comprising 313 amino acid residues (subunit Mr
34,609). It was originally assigned as a putative
LDH gene. More recently, however, a high (48.6%)
sequence identity was found between MJ0490 and
MT0188, the MDH II gene from Methanobacterium
thermoautotrophicum strain H (Thompson et al.,
1998) (Figure 1(b)). Therefore, the M. jannaschii
gene MJ0490 has been re-classi®ed as MDH II
(Graupner et al., 2000). It aligns well with the
Archaeoglobus fulgidus AF0855-encoded MDH
(Langelandsvik et al., 1997). Until now, only one
structure of any member of the archaebacterial lac-
tate/malate family of dehydrogenases has been
reported (Dym et al., 1995). In order to gain better
insight into enzymatic functions and the cofactor
speci®city and to investigate the differences
between members of the lactate/malate family of
dehydrogenases from bacteria, eukarya, and
archaea, it will be of much interest to determine
the three-dimensional structure of the MJ0490 pro-
tein from M. jannaschii. Its crystallization has been
reported (Lee et al., 2000). Here, we have deter-
mined its structure in two crystal forms. The 1.9 A Ê
structure in the orthorhombic crystal is dimeric,
whereas the 2.8 A Ê structure in the tetragonal crys-
tal is tetrameric. A notable feature revealed by the
crystal structure is the binding of the cofactor
NADP(H) at the active site.
Results and Discussion
Model quality and comparison of
subunit models
The structure of the MJ0490 gene product has
been determined in two crystal forms grown under
the same crystallization conditions. The enzyme
structure in the orthorhombic crystal has been
solved by a combination of molecular replacement
(MR) and multiple isomorphous replacement
(MIR) at 1.9 A Ê resolution. It is ``dimeric''. Later, the
enzyme structure in the tetragonal crystal has been
determined at 2.8 A Ê resolution by MR. This is ``tet-
rameric''. The re®nement statistics are summarized
in Table 1. The re®ned model of the dimeric struc-
ture in the orthorhombic crystal gave an R-factor
of 19.4% for 20-1.9 A Ê data (for the 90% working
set) with a free R-factor of 22.8%. It accounts for
307 residues of a single subunit, one molecule of
NADP
, and 76 water molecules in the asymmetric
unit. The oxidation state of the cofactor cannot be
determined from the electron density map and the
oxidized form was chosen arbitrarily. Six residues
from Leu224 to Glu229 in a ¯exible loop (``activity
control loop'' (Iwata et al., 1994)) are missing from
the model, because they have no electron density.
The re®ned model of the tetrameric structure in the
tetragonal crystal gives an R-factor of 22.8% for
20-2.8 A Ê data (for the 90% working set) with a free
R-factor of 28.3%. It accounts for two independent
subunits, two molecules of NADP
, and 157 water
molecules in the asymmetric unit. All 313 amino
acid residues in each subunit are clearly de®ned by
the electron density but the electron density of the
cofactors is weaker than for the dimeric structure.
The two independent subunits of the tetrameric
structure have been constrained to be identical due
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difference between the subunit models of dimeric
and tetrameric structures is 1.74 A Ê for 307 C
a atom
pairs. The residues showing a deviation of greater
than 2.0 A Ê in their C
a atom positions are 55-56, 85-
89 (``active site loop'' (Iwata et al., 1994)), and 217-
223 (activity control loop). The latter seven resi-
dues show a large C
a rms discrepancy of 8.0 A Ê .
Excluding these residues, the rms difference is
decreased to 0.68 A Ê for 300 C
a atom pairs.
The mean positional errors in atomic coordinates
as estimated by Luzzati plot (Luzzati, 1952) are
0.22 A Ê and 0.35 A Ê for the dimeric and tetrameric
models, respectively. For the dimeric model, 92.3%
of non-glycine and non-proline residues lie in the
most-favored region of the Ramachandran plot
and 7.7% in the additionally allowed region. In the
tetrameric model, 84.7% of non-glycine and non-
proline residues lie in the most-favored region of
the Ramachandran plot, 14.9% in the additionally
allowed region, and two Leu224 residues in the
asymmetric unit lie in the generously allowed and
disallowed regions, respectively. In both dimeric
and tetrameric models, the peptide bond before
Pro124 adopts a cis conformation, which is a con-
served feature among other known LDH struc-
tures. Since the subunit model of the dimeric
structure is re®ned at higher resolution than that of
the tetrameric structure, it is used to discuss the
active site and the cofactor binding site as well as
in comparing the structures at the subunit level,
except the above-mentioned missing loop. For the
structure description and comparison at the tetra-
mer level, the model of the tetrameric structure is
used.
The subunit fold and quaternary structure
The MJ0490 gene product shares a similar over-
all subunit fold with other LDHs and MDHs, as
expected from a signi®cant degree of amino acid
sequence similarity (Figure 1). Each subunit con-
sists of two domains: the N-terminal dinucleotide
cofactor binding domain (residues 1-145) and the
C-terminal catalytic domain (residues 146-313).
The dinucleotide binding domain has the typical
Rossmann fold, comprising a twisted parallel
six-stranded b-sheet (S1-S6) and ¯anking a-helices
H1-H4. The catalytic domain is similar to those of
other LDHs and MDHs. It consists of four long
helices (H5-H8) and six strands (S7-S12). The
helices are packed on one side of the highly
twisted b-strands S10 and S11 (Figure 2(a)).
The enzymes in the tetragonal crystal show tet-
rameric quaternary structure of 222 symmetry
(Figure 2(b)), like many other LDHs. Three dyads
relating the four subunits are denoted by P, Q, and
R, respectively, following the convention estab-
lished by Rossmann et al. (1973). The subunit inter-
face areas for the P, Q, and R-axes are 1760, 2605,
and 859 A Ê 2, respectively. The interface area is the
largest for the Q-dimer, as in other LDHs. The
Q-dimer refers to the dimer in which the two sub-
units are related by the Q-axis. Unexpectedly, the
quaternay structure of the enzymes in the orthor-
hombic crystal is only a dimer, which corresponds
to the P-dimer of tetrameric LDHs (Figure 2(c)).
The P-axis subunit interface area is increased from
1760 A Ê 2 in the tetrameric enzyme to 2001 A Ê 2 in the
dimeric enzyme. Two distinct oligomeric states
have been reported for a few cases of LDH and
MDH. BsLDH was shown to exist both as a tetra-
mer and as a dimer (Clarke et al., 1985), whilst
TmLDH exists in the octameric state as well as the
usual tetrameric state (Ostendorp et al., 1996).
MDHs usually exist as a dimer, which corresponds
to the Q-dimer of tetrameric LDHs. Less fre-
quently, some MDHs are tetrameric, similar to
typical tetrameric LDHs. An example is the halo-
philic MDH from H. marismortui (Dym et al., 1995).
Dynamic light-scattering measurements
indicated that the puri®ed enzyme (under the con-
ditions of 20 mM sodium phosphate (pH 6.6) con-
taining 0.1 mM dithiothreitol and at 12 mg ml
ÿ1
protein concentration) is highly monodisperse
(polydispersity of 18%) with an estimated molecu-
lar mass of 148 kDa, close to that of the tetramer
(138 kDa). It indicates that the MJ0490 gene pro-
duct exists in solution predominantly as a tetramer.
It is possible that some fraction of the tetrameric
enzyme dissociated into P-dimers under the crys-
tallization condition. And the tetrameric fraction
Table 1. Crystal parameters and re®nement statistics
Orthorhomibic
crystal
(dimeric
structure)
Tetragonal
crystal
(tetrameric
structure)
Crystal parameters
Space group P21212 P42212
Unit cell parameters (a, b, c (A Ê )) 47.65,
125.10,
58.08
98.21,
98.21,
167.23
Refinement statistics
Resolution range (A Ê ) 20.0-1.9 20.0-2.8
Unique reflections (Fo >2 s) 24,220 17,966
Rcryst (%)a for 90% working set 19.4 21.5
Rfree (%)
b for 10% test set 22.8 28.2
rms deviations from ideality
Bond lengths (A Ê ) 0.008 0.008
Bond angles (deg.) 1.687 1.233
Dihedral angles (deg.) 21.42 21.34
Improper angles (deg.) 1.46 0.78
Average temperature factor (A Ê 2)
All protein atoms 31.9 33.9
Main-chain atoms 27.8 32.8
Side-chain atoms 33.9 34.2
Cofactor atoms 29.2 (1.0)c 34.7 (0.6)c
Water molecules 41.0 33.4
No. of amino acid residues 307 313  2
No. of non-hydrogen protein atoms 2383 2429  2
No. of water molecules 76 157
a Rcryst  jjFojÿj Fcjj/jFoj.
b Rfree is the cross-validation Rcryst computed for the test set
of re¯ections that were omitted from the re®nement process.
c The number in parentheses is occupancy of the cofactor.
The occupancy of the cofactor in the tetragonal crystal was
arbitrarily ®xed at 0.6 due to a weak electron density.
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dimer fraction crystallized into orthorhombic crys-
tals under the same crystallization conditions.
Although the functional signi®cance of dissociation
into P-dimers is not clear, the dimeric enzyme
structure of MJ0490 is an unusual observation of
the P-dimer of tetrameric LDHs existing as a dis-
crete entity. It was observed that the tetragonal
crystals grew rapidly in a few days but deterio-
rated over time, whereas the orthorhombic crystals
grew in a few weeks and were stable for several
months in the mother liquor. It was observed that
the orthorhombic crystals appeared less frequently
than the tetragonal crystals. This seems to be con-
sistent with the idea that the puri®ed enzyme orig-
inally existed mainly as tetramers and a fraction of
tetramers dissociated slowly into dimers during
the crystallization process. The dissociation may
have been caused by the presence of 2-methyl-2,4-
pentanediol (approximately 20-30% (v/v)) in the
mother liquor. The reason why the MJ0490 enzyme
dissociates into P-dimers but not into Q-dimers
may be the more polar character of the P-axis sub-
unit interface compared with the Q-axis subunit
interface. It is not straightforward to obtain exper-
imental data other than the crystal structures
regarding the oligomeric states of the enzyme
under the crystallization conditions.
Figure 1 (legend opposite)
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During protein expression, puri®cation, and
crystallization of the MJ0490 gene product, no
cofactor was deliberately added to the protein sol-
ution. However, the crystal structure reveals the
presence of a bound NADP(H) at the cofactor
binding pocket (Figure 3(a)), suggesting a prefer-
ence of NADP(H) over NAD(H) as a cofactor. This
®nding is consistent with the expectation from the
presence of a glycine residue at position 33. In
most NAD-dependent LDHs and MDHs, a con-
served acidic residue (aspartate or glutamate) is
found at this position, with its negatively charged
side-chain preventing the binding of NADP(H)
(Baker et al., 1992).
A characteristic glycine-rich ®ngerprint region
(``glycine motif'') is found at the N-terminal
Figure 1. Amino acid sequence alignment of the MJ0490 gene product with (a) L-lactate dehydrogenases and (b)
malate dehydrogenases. Secondary structure elements of MJ0490 as assigned by PROCHECK (Laskowski et al., 1993)
are indicated above the sequence. b-Strands, a-helices, and 310-helices are labeled sequentially as S1-S12, H1-H8, G1-
G5, respectively. Strictly and highly conserved residues are boxed in yellow and cyan, respectively. L1 and L2 are the
active-site loop and the activity control loop, respectively. Conserved active-site residues are marked by blue tri-
angles, while the key residue for determining the cofactor speci®city is marked by a red circle. The key residue for
determining the LDH/MDH substrate speci®city (Wilks et al., 1988) is indicated by a red triangle. The Figures were
produced with ALSCRIPT (Barton, 1993). TmLDH, LDH from Thermotoga maritima; BsLDH, LDH from Bacillus stear-
othermophilus; BlLDH, LDH from Bi®dobacterium longum; LcLDH, LDH from Lactobacillus casei; PfLDH, LDH from Plas-
modium falciparum; SsLDH, LDH from Sus scrofa (pig); SaLDH, LDH from Squalus acanthias (dog®sh); MmLDH, LDH
from Mus musclus (mouse); MT0188, MDH II from Methanobacterium thermoautotrophicum strain H; HmMDH, malate
dehydrogenase from Haloarcula marismortui; TfMDH, malate dehydrogenase from Thermus ¯avus; EcMDH, malate
dehydrogenase from Escherichia coli; SsMDH, malate dehydrogenase from Sus scrofa (pig); AaMDH, malate dehydro-
genase from Aquaspillium arcticum.
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sensus sequence is G(A)xGxxG (where x is any
amino acid) for NAD-dependent enzymes and
G(A)xGxxA for NADP-dependent enzymes
(Scrutton et al., 1990; Carr et al., 1999). An
additional alanine residue after the ®rst invariant
glycine residue is present in both the NAD-depen-
dent and NADP-dependent MDHs (Goward &
Nicholls, 1994). In the MJ0490 sequence, the glycine
motif is GAxGxxG (residues 7-13). This conforms
to the consensus sequence corresponding to an
NAD-dependent MDH. The MJ0490-encoded
enzyme does indeed exhibit the expected activity
(Graupner et al., 2000). But our enzyme assays (see
the next section) and the present structure indicate
that the MJ0490-encoded enzyme has the FBP-acti-
vated LDH activity, in addition to the MDH
activity, and prefers NADP(H) over NAD(H). It
suggests that the enzymes conforming to the con-
sensus glycine motif sequences do not necessarily
need to be strict in substrate and cofactor speci®ci-
ties. Examples of variations from the consensus
sequence motif are also known, such as a chloro-
plast NADP-dependent MDH that has GAxGxxS
(Carr et al., 1999).
In the MJ0490-encoded enzyme, the glycine
motif forms a somewhat winding turn between the
b-strand S1 and the a-helix H1 and the N-terminal
Figure 2. Overall structure of MJ0490 protein. (a) Stereo ribbon diagram of the subunit model, and stereo Ca tra-
cings of (b) terameric structure and (c) dimeric structure. NADP molecules are shown in orange (in (a)) or in blue
(in (b), and (c)). These Figures were drawn by MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt & Murphy, 1994).
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sphate moiety of the cofactor (Figure 3(b)). Thus
the positive dipole moment at the N terminus of
the helix H1 enhances the binding of the pyropho-
sphate region of the cofactor, as in the dinucleotide
binding domain of other NAD-binding proteins. In
NAD-dependent LDHs or MDHs, the pyropho-
sphate group of NAD(H) interacts with the back-
bone of this glycine-rich loop (Carugo & Argos,
1997). In the MJ0490 structure, the pyrophosphate
group of the cofactor makes similar interactions
with this loop. Binding of NADP(H) is further
enhanced by extensive hydrogen bonds that the
oxygen atoms of the monophosphate group and
the 30 oxygen atom of the ribose ring of adenosine
in the cofactor make with the side-chain atoms of
Ser9, Arg34, His36, and Ser37 (Figure 3(b)). We
suggest that the above interactions contribute to
the cofactor preference of the MJ0490 protein. Resi-
dues making additional interactions with the cofac-
tor are Ile121, Asn123, and Glu219. Asn123
interacts with the 20- and 30-hydroxyl groups of the
ribose ring of the nicotinamide mononucleotide
and similar interactions are well conserved in other
members of the actate/malate dehydrogenase
family. The side-chain atoms of Glu219 are stacked
against the nicotinamide ring of the cofactor
(Figure 3(b)).
The active-site structure of the MJ0490-encoded
enzyme resembles those of MDHs and LDHs. And
the catalytically important residues in the active
site of MDHs and LDHs are well conserved in
MJ0490 (Figure 1). They include (i) Arg92, a resi-
due that interacts with pyruvate or oxaloacetate in
the reaction leading to the polarization of the car-
bonyl bond, (ii) Asp151, involved in stabilizing the
protonated state of acid/base catalyst His178 and
thus modulating its pKa, (iii) Arg154, involved in
binding the carboxylate moiety of the substrate,
and (iv) His178, which acts as a proton donor.
Most LDHs and MDHs have strict substrate speci-
®cities. MDHs have an extra arginine residue in
the active site to bind the dicarboxy substrate (Hall
et al., 1992); for example, Escherichia coli MDH has
Arg81 and Thermus ¯avus MDH Arg91. MJ0490 is
MDH-like in having an arginine residue at
Figure 3. (a) Stereo view of the ®nal (2Fo ÿ Fc) electron density map around the bound NADP, calculated using
20.0-1.9 A Ê data and contoured at 1.0s. (b) Stereo view of the cofactor binding site. The NADP molecule is in dark
olive green and interacting residues are drawn in orange. Broken lines indicate hydrogen bonds or close contacts.
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glutamine, lysine, or methionine residue is located
at this position in other LDHs (Figure 1(a)). The
residue at this position was shown to play a critical
role in determining the substrate speci®city in
LDHs and MDHs (Chapman et al., 1999). Replace-
ment of Gln102 at this position in BsLDH with an
arginine residue was su®cient to convert it into an
ef®cient MDH (Wilks et al., 1988). The active-site
loop (L1 in Figure 1; residues 87-92) and the
activity control loop (L2 in Figure 1; residues 221-
226) show high temperature factors in both struc-
tures. Moreover, the Leu224-Glu229 region over-
lapping the activity control loop (L2) has no
electron density for the dimeric model. The confor-
mational difference between the two structures is
most striking in this loop region (Figure 4(b)). It is
open in the dimeric structure but it is closed in the
tetrameric structure. This seems to explain why the
occupancy of NADP in the tetrameric structure is
lower than that in the dimeric structure (Table 1).
Enzymatic activity and allosteric activation
In a recent report on the enzymatic activity of
the MJ0490 gene product, the ability to catalyze
pyridine nucleotide-dependent oxidation and
reduction reactions involving several pairs of
a-hydroxy and a-keto acids was tested (Graupner
et al., 2000). The MJ0490-encoded enzyme showed
two principal activities: (i) reduction of oxaloace-
tate to L-malate; and (ii) reduction of L-sulfopyru-
vate to L-sulfolactate. These reduction reactions
could use either NADH or NADPH as a cofactor,
with a slight preference for NADPH. The reverse
oxidation reactions occurred at least ten to 20 times
more slowly, only in the presence of NADP
.
Reduction of pyruvate to L-lactate by the MJ0490-
encoded enzyme was not detected (Graupner et al.,
2000). However, the activity measurement was
made in the absence of FBP, which is known to
activate the allosteric LDHs.
Eubacterial LDHs are allosteric, whereas ver-
tebrate LDHs are non-allosteric (Garvie, 1980).
Non-allosteric vertebrate LDHs in general have an
extended N terminus compared with allosteric bac-
terial LDHs (Figure 1(a)). The MJ0490-encoded
enzyme has a very short N terminus (Figure 1(a)).
Therefore, it may be expected to be allosterically
activated by FBP. In order to check this possibility
and to con®rm its cofactor preference, enzymatic
activity assays were performed. The activity for
Figure 4. (a) Residues playing key roles in lactate/malate dehydrogenases (in blue). The red colored residue is
Arg86, which is important for determining MDH substrate speci®city. The cofactor NADP is drawn in black.
(b) Stereo view of the Ca superposition of subunit models for the dimeric (green) and tetrameric (red) structures.
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detected only when the allosteric activator FBP
was added to the assay mixture, using either
NADPH or NADH as a cofactor. The ratio of reac-
tion rates for NADPH and NADH was 1.3-1.6 in
the temperature range of 30-60 C (with 0.4 mM
FBP). Therefore, the enzyme activity assay is con-
sistent with the cofactor preference of NADP(H),
which has been indicated by the electron density.
The Km value for pyruvate was determined to be
0.84 mM for the assay conditions of pH 6.6,
0.2 mM NADPH, 5.0 mM FBP, 0.24 mgm l
ÿ1
enzyme, and 45 C. The enzymatic activity for the
oxidation reaction could not be measured under
the tested conditions. The results of LDH activity
assay are in general agreement with those of
Graupner et al. (2000), except that the LDH
reduction activity is activated by FBP. Our efforts
to locate the FBP binding site in the MJ0490 struc-
ture did not succeed, because the enzyme did not
crystallize in the presence of FBP at 100-fold molar
excess over the subunit concentration. In BsLDH
and BlLDH structures (Wigley et al.,1992; Iwata
et al., 1994), the FBP binding site is located in the
subunit interface of the P-dimer, resulting in two
binding sites per tetramer.
In summary, we have determined the crystal
structure of the MJ0490 gene product from the
hyperthermophilic archaebacterium M. jannaschii
in two crystal forms. Comparisons of the structure
and amino acid sequence, together with character-
ization of the enzymatic properties, indicate that it
is a novel member of the lactate/malate family of
dehydrogenases. Its signi®cant characteristics
revealed here, and in other studies include: (i) the
preference of NADP(H) over NAD(H) as a cofac-
tor; (ii) a relaxed substrate speci®city in oxidation/
reduction reactions; and (iii) the FBP-activated
LDH reduction activity.
Materials and Methods
Overexpression, purification, and characterization of
the enzyme
The recombinant enzyme was overexpressed and pur-
i®ed as described (Lee et al., 2000). The oligomeric state
was determined by dynamic light-scattering measure-
ments on a DynaPro-801 instrument (Protein Solutions,
Inc., Charlottesville, VA). The LDH activity was moni-
tored by a decrease in A340 nm resulting from the oxi-
dation of NADPH (or NADH) in the buffer solution
(200 mM sodium phosphate (pH 6.0-7.0), containing 0.0-
5.0 mM FBP, 0.5-4.0 mM pyruvate, and 0.02-0.25 mM
NADPH (or NADH)). The speci®c activity was
measured at 30, 40, 50, and 60 C. One unit causes the
oxidation of 1 mmol of NADPH (or NADH) per minute.
Crystallization, X-ray data collection, and phasing
Crystallization conditions and collection of native data
have been reported (Lee et al., 2000). Orthorhombic crys-
tals belong to the space group P21212, with unit cell par-
ameters of a  47.65 A Ê , b  125.10 A Ê , and c  58.08 A Ê .
Native data from a tetragonal crystal have been recol-
lected at 100 K to slightly better resolution than reported
previously (Table 2). Flash-frozen tetragonal crystals
belong to the space group P42212 with unit cell par-
ameters a  b  98.21 A Ê and c  167.23 A Ê . For orthor-
hombic crystals, the asymmetric unit contains one
subunit with a solvent content of 50.8% and VM of
2.50 A Ê 3 Daÿ1 (Matthews, 1968). For tetragonal crystals,
the asymmetric unit contains two subunits (solvent
content, 57.7%; VM  2.91 A Ê 3 Daÿ1).
The phase problem was solved by a combination of
MIR and MR on the orthorhombic crystal form. Initially,
the MR method was tried. A search model was con-
structed from the model of TmLDH (Auerbach et al.,
1998) by replacing non-identical residues by alanine. The
Patterson-rotation search was made using the program
X-PLOR (Bru Ènger, 1992), against 12-3.5 A Ê , 10-3.5 A Ê ,
and 8-3.5 A Ê data. The data were ®ltered by Patterson-
correlation re®nement and a single peak was obtained
consistently. A translation search gave a unique solution,
Table 2. Data collection and phasing statistics
Native I
(orthorhombic) K2PtCl4 EMTSa I EMTSa II
Native II
(tetragonal)
Resolution (A Ê ) 1.9 2.8 2.8 3.0 2.8
Total reflections 113,866 22,583 22,187 19,617 244,121
Unique reflections 26,843 9812 8872 6632 20,317
Data completeness (%) 95.2 94.8 85.0 90.0 97.5
Rmerge (%)b 4.9 5.9 5.0 8.8 9.0
Riso (%)c 23.1 19.1 27.1
Number of heavy atom sites 2 2 3
Phasing power
d, centric/acentric 1.1/1.3 1.7/2.2 2.6/2.9
RCullis
e , centric/acentric 0.85/0.87 0.63/0.67 0.57/0.59
Mean figure-of-merit0.52 for 36.6-3.0 A Ê (0.85 for 36.6-2.0 A Ê after combining MR phase and DM)
a EMTS, ethylmercurythiosalicylate.
b Rmerge  hijI(h,i) ÿh I(h)ij/hi I(h,i), where I(h,i) is the intensity of the ith measurement of re¯ection h and hI(h)i is the corre-
sponding value of I(h) for all i measurements.
c Riso  jjFPHjÿj FPjj/jFPj, where FPH and FP are the derivative and native structure factors, respectively.
d Phasing power h FHi/E, where hFHi is the rms heavy-atom structure factor and E is the residual lack of closure error.
e RCullis  jjFPH  FPjÿj FPH(calc)jj/jFPH ÿ FPj, where FPH and FPH(calc) are the observed and calculated structure factors of a
heavy-atom derivative, respectively.
Archaebacterial Lactate/Malate Dehydrogenase Structure 1359which yielded an R-factor of 55.1% for 10-3.0 A Ê data
after rigid body re®nement. This solution was later
con®rmed by comparison of the model against the MIR
electron density map. The MR solution was re®ned to an
R-factor of 34.1% for 20-2.0 A Ê data using the automatic
re®nement procedure of the program wARP (Perrakis
et al., 1997).
However, this phase was not suf®ciently accurate to
complete the model building and, therefore, data from
three heavy-atom derivatives were collected (Table 2) on
the FAST area detector system (Enraf-Nonius-
Delft, Netherlands) using the MADNES software
(Messerschmidt & P¯ugrath, 1987). The re¯ection inten-
sities were obtained by the pro®le-®tting procedure
(Kabsch, 1988) and data were scaled by the Fourier scal-
ing program (Weissman, 1982). Heavy-atom sites were
located by interpreting the difference Patterson maps
with the program RSPS (CCP4, 1994), and by calculating
the cross-phase difference Fourier maps. Heavy-atom
parameters were re®ned with SHARP (de la Fortelle &
Bricogne, 1997). The MIR and MR phases were combined
with the program SIGMAA (CCP4, 1994) and the result-
ing electron density map became readily interpretable
after density modi®cation by solvent ¯attening and his-
togram matching with the program DM (CCP4, 1994).
The structure of the tetragonal crystal was determined
by MR using the re®ned subunit model of the orthor-
hombic crystal as a search model with the program
package CNS (Bru Ènger et al., 1998). The monomer model
gave an MR solution using the 10-4.0 A Ê data, which
yielded a P-dimer by a crystallographic dyad. The search
for the second subunit in the asymmetric unit was made
while the ®rst subunit was ®xed. The dimer MR solution
gave an R-factor and a free R-factor of 37.6 and 37.0%
for 20-3.5 A Ê data, respectively. The two subunits in the
asymmetric unit are related by a non-crystallographic
2-fold rotational symmetry axis, which corresponds to
the Q-axis of tetrameric LDHs. The enzymes in the tetra-
gonal crystal form a tetramer, like many other LDHs.
Model building and refinement
Model building was carried out using the program O
(Jones et al., 1991). The crystallographic re®nement was
carried out using the program packages X-PLOR
(Bru Ènger, 1992) and CNS (Bru Ènger et al., 1998). The
program PROCHECK (Laskowski et al., 1993) was used
to assess the model stereochemistry and to assign the
secondary structure elements.
Protein Data Bank accession numbers
Coordinates and structure factors have been deposited
in the RCSB Protein Data Bank (accession codes 1HYE
for the orthorhombic crystal structure and 1HYG for the
tetragonal crystal structure).
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